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ABSTRACT

During the past three years, force limiting has been used in the vibration tests of most of the
instruments and major equipment on the Cassini  spacecraft, as well as in the vibration test
of the complete flight spacecraft in November of 1996.

Force limits for the Cassini instruments and for the complete spacecraft vibration tests were
developed using a simple, semi-empirical method which requires only the acceleration
specification and data from a low level pre-test to determine the apparent mass of the test
item. This semi-empirical method of predicting force limits was validated with interface
force data measured at the instrumentkpacecraft  interface in acoustic tests of the Cassini
spacecraft DTM structure and by comparisons with previously developed two-degree-of-
freedom-system analytical models.

The application of force limiting to spacecraft equipment is illustrated with a discussion of
the random vibration test of one of the Cassini  spacecraft instruments, i.e. the Radio
Plasma Wave Subsystem Antenna Assembly.

The environmental test program for the Cassini spacecraft included a force-limited vertical-
axk random vibration test. The semi-empjrica]  force limit specified in the Cassini  spacecraft
vibration test procedure was used without any modifications during the test. Acceleration
responses at critical locations were monitored in the spacecraft vibration test, but only the
total axial force was used in the control loop to notch the input acceleration. The flight limit
loads were achieved at a number of critical locations on the spacecraft, and the instrument
responses were similar to those in the component random vibration tests.
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171h Aerospace Testing Seminar, Institute of Environmental Sciences, Manhattan Beach,
California, October 14-16, 1997.



,’

.

1. IJ1;S(’1<ll’’I’I  {)N f)l; (’/\SSINl  MISSION

S;l(LIII) :lI)LI i(s lll~)t)ll  ‘1’11:111 w i l l  lx. Ilk. ck’s(illd(ioll  fof (Ik’ (’d~iilll  tl)Is\It)ll. ;1 pl”q,jccl  ilndcr
joint dLiVCl(yJIIWI)[  by N;\SI\.  (IK l{LIIfJpC>;tII S[ML’L’  AgLwc! (1; S/1 ) ;11)1] [])1’ ]1:111:111  Sjxicc
Agc[](y.  ‘1’lIL’ [IS 1)0111011” 01” I]K 11)1.\ \IOII IS II IiIIIii:Ld  foI ti/lSA  I>) [he .JL’I I’rt)pulsion
L:dml;;[<wy  (J 1’1 .). I iIUIILl)LXl  III (klobcl i ‘)97 (~11 :1 ‘1’i[:lll  l\’-CcI~t:ILIr-  rocket fmm Cape
Canavcml  in f;lOl”idil,  (’msini ivill  I’ltsl  L’XL’ULI(C [W()  gr:ivity-:lssisl Ilybys  01 Venus,  lh~ll  One

each of (IIC Fhr[h and Jupitci  IC) send it on [o al-ri~rc :11 S:I(LIIII in JLIDC 2004. Ilcc:lusc of (he
very dim sunli:ht  al S:lturn. KJI;II ;ir-I:Iy S :Lrc not fc:iiiblc :Ind powcl will bc supplied by a
set of three Rxii(lisotopc  ‘1’llcllllclclcc[lic  (kncra[ors  (R1’G’s) w’llich usc twill from the
natuml decay of plutonium (o gcncm(c  cicc[rici[y to run Cassini.  After arriving  at the ringed
planel, the Cassini  orbiter (SK f;ig. I ) will rclc:w  the I Iuygcns probe, proiidcci  by ESA,
which will clcsccnd to the surfxc of Titan. “Jhc launch wci:ht of the Cassini spxecraft  and
Huygcns probe is about S,800 kilograms ( 12,800 pounds).

FJGLJRE 1. Cassini  Spacecraft Schematic

2. S1’ACf:.CI<Af-l’ IYI’M ACOIJS’1’IC T[iS’f’S

Three acoustic tests of tllc C’:issii]i sp:lcccl-aft  IXwc!opmcn[ I’cst Model (I )-I’M) have ken
conducted. Ii;tch  tcs[ inv<)lv~>d dil’lcr~’nt cm~f]gurations of the lYf ’M, I’ligl)t, and cnginccring
model spaccwraf[ h:lrdw;w :ind sL’icncc  ins(runwnts  [ 1 ]. ‘f’hc pri]ll;i[-y t)bjcc[ivc  of these tests
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was to provide verification of the predicted acoustically-induced random vibration test
levels at equipment locations on the spacecraft. The locations included the attachment
interfaces of the science instruments, RTG’s, reaction wheels, and other spacecraft
assemblies. In many cases, both the interface acceleration and interface force were
measured, and in some cases the acceleration response at a position near the equipment
static center-of-gravity (CG) was also measured.

3. SEMI-EMPIRICAL METHOD OF PREDICTING FORCE LIMITS

The following semi-empirical relationship between the maximum acceleration and
maximum force at the interface between and a source and load in a couded  system was
proposed in 1966 [2]:

. .

F I= C  MOA,

where FI is the amplitude of the force limit, C is a frequency dependent constant
deoends  on the confhzuration,  M. is the total mass of the load ftest item). and A

(1)

which
is the

fiplitude  of the acc~leration” specification. The form of Eq. 1’ appropriate for ~andom---
vibration tests is:

slFF = C 2 M02 Ss

AA (2)

where S’m is the force limit spectral density and S’AA the acceleration specification spectral
density. In [2], it is claimed that C seldom exceeds 1.4 in coupled systems of practical
interest, because of the vibration absorber effect.

A refinement of Eq. 2 follows from consideration of @. 3, which is Newton’s second law
for random vibration [3]:

s= (co)= lM.@)12  SAA (0) (3)

where: ~(o.)) is the apparent mass of the load and SW(CO) and S~~(CO)  are the spectral

densities of the interface force and acceleration, respectively. (The apparent mass M(o) is
the frequency response function defined by Eq. 3.) Consider the frequency envelope of
both sides of Eq. 3. As shown in [4] and discussed in [3], both SW(Q) and SM((0)  have
peaks at the same frequencies, i.e. the coupled system resonance frequencies; and the
acceleration spectral density SAA(0)) has notches where the load apparent mass ~(o) has
peaks. The envelope of the left-hand side of Eq. 3 is S’m, the force limit spectral density in
Eq. 2. Following the approach taken in [5& 6], the envelope of the right-hand side of Eq.
3 maybe taken as Ss ~, the envelope of the acceleration spectral  density, times the weighted
frequency-average o? the load apparent mass [7]. Motivated by these considerations, the
subject refinement consists of including a factor of one-over-frequency to the nth power on
the right hand-side of Eq. 2 at frequencies above the fundamental fO:

S’FF = C2 MO* SS
AA , f<fo

(4)

S’w = C2 MO’ SAA I (f / fO)n, f> fO
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Sornejudgmcnt  and K’IJICIKX! 10 (L>St LI:II:I f(~r Silllll:lr uc)f)l’ig{ti:lli~>lls  IJIUSI be considered to
choose the value of C al~d n ill l~q. 4. <’ol]]puris(~ll  c~f t~q. 4 ~vittl  (he results of the simple
two-degree-of-f rccclt)l~~-sys[  ~’1~~  (’l’l)l:S) nwtl](~ci  of prcdic[ing fCmY Iinli[s [3], indicates that
a value of C of 1.4 impiics a r;ilic}  ()! lo:Id [o s~mr~.c mmses of 1.5. It has been shown [8]
that the frequency  -avcl-;igc appaIcIII mass (J1 a I (xl in dilamti(m and of a plate. in bending
both fall c)ff as one over !rcqurncy  :dmvc the fu[ld:~lucnt~il  wsonance, corresponding to an n
of 2 in Eq. 4, and that  ol a hcam in bending 1’:IIIs off as one over the square-root of
frequency, corresponding {0 :In n of’ unity in l;q. 4.

4. CASSIN1 RAD1O f)l.AShqA WAVE SUBSYSTEM AN’J’ENNA ASSEMBLY

Figure 2 shows the engineering mociel  of the Cassini  Radio Plasma Wave Subsystem
Antenna Assembly (RPWS) mounted on a shaker for a lateral vibration test. Three small
piezo-electric, tri-axial  force gages are mounted between the rectangular test fixture and the
RPWS triangular base.  The use of piczo-electric, tri-axial force transducers for force
limited vibration testing is highly recommended over other types of force measurement
means such as strain transducers, armature current, weighted accelerometers, etc. The
advent of these transducers has made the measurement of force in vibration tests almost as
convenient and accurate as the measurement of acceleration [7].

FIGURE 2. Cassini  RPWS Antenna Mounted for Lateral Vibration “rest

Figure 3 shows the acceleration data measured in different axes at the RPWS base during
one of the spacecraft acoustic tests. Also shown in Fig. 3 is the RPWS random vibration
test acceleration specification (0. 15 G2/Ilz).  The interface acceleration measured in the
spacecraft test exceeds the RPWS tcs[ spccifica(ion by 7 dB at 55 H7. for the z. axis (radial)
and is about 4 dB below the specification at [he higher frcquencics, above 200 Hz. The
combined RPWS and truss mounting struc[ure  apparently has a fundamental radial
resonance at S5 Hz, and an altcnuakd response al the higher frcqucncics.

4



.

1.00E+OO

1.00E-01

1.00E-02

1,00E-03

1.00E-04

,- ..,,

‘—23X:  1 .4g rms
—  ‘23Y: 1.8g rms

--- 23Z: 2g rms

— - ‘24X: 3.4g rms

— - -24Y: 2,9g rms

--,- 24Z: 2.ig  MM

——25Z: 5.2g rms

~est Spec.

J~,,.7 1
1 m

10 100 1000 10000

Figure 3. Comparison of Specified and Measured RPWS Interface Accelerat~ns
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Figure 4. Comparison of Specified and Measured RPWS Interface Forces
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Figure 4 shows the force data measured in different axes at the RPWS base during the
spacecraft DTM acoustic test together with the force specification used in the RPWS
instrument random vibration test. The force specification is 5 dB greater than the data at 55
Hz and much greater at higher frequencies. Also shown in Fig. 4 is a semi-empir’ical force
specification for the RPWS instrument based on Eq. 4 with a C of unity  and n of two.
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FIGURE 5. Force in 1/4 G Sine-sweep Vertical Vibration Test of RPWS Antenna
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Figure 5 shows the magnitude (reduced by 4) of the RPWS apparent mass memured in a
preliminary low-level (0.25 G) sine-sweep vertical axis vibration test. Notice that the
fundamental resonance of the RPWS in the shaker vertical axis test is at approximately 250
Hz, whereas the corresponding radial resonance of the RPWS mounted on the spacecraft
DTM (Figs. 3 & 4) is at approximately 55 Hz. This discrepancy explains why the semi-
empirical force specification in Fig. 4 must exceed the DTM data in the higher frequency
regime. The force at the 250 Hz resonance on the shaker is limited to the maximum force
occurring at 55 Hz in the spacecraft configuration. Figure 6 shows the notching that
resulted in the full-level vertical random vibration test of the RPWS, when the test force
specification in Fig. 4 was utilized.

5. MEASUREM13N1  OF QUASI-STATIC ACCELERATION IN VIBRATION TESTS

The design loads for aerospace equipment are often given in terms of the “quasi-static”
acceleration of the center-of-gravity (CG), and it is often desired to limit the CG
acceleration in low frequency vibration tests to something less than the design load. With
the test item mounted on force gages in a vibration test, it is easy to monitor the CG
acceleration; which, by Newton’s second law, is equal to the measured external force
divided by the total mass of the test item. However, it is relatively difficult to measure the
CG acceleration of vibrating equipment with accelerometers [9]. Sometimes the CG is
inaccessible, or there is no physical structure at the CG location on which to mount an
accelerometer. However, there is a more serious problem: in the case of a deformable
body, the CG is not generally a fixed point on the structure.

The non-fixity  of the CG of a deformable body is demonstrated with an example in Fig. 7,
which illustrates the third vibration mode of a three-mass, two-spring vibratory system,

M 2M M

: C.g.
M M

FIGURE 7. Third Mode of Three-Mass, Two-Spring System Showing Non-fixity  of CG

The mass value of the middle mass is twice that of the end masses and the two springs are
identical. The upper sketch  in Fig. 7 shows the system at rest with the CG clear] y located at
the center of the middle mass. The lower sketch in Fig. 7 shows the system displaced in
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it’s third mode, with the middle mass moving one unit to the left and the two end masses
both moving one unit to the right. (The first mode involves rigid body translation, and the
second mode involves zero motion of the middle mass and the two end masses moving an
equal amount in opposing directions. ) It is a characteristic of modal motion that there are no
external forces acting, so by Newton’s second law, the modal displacement illustrated in
the lower sketch of Fig. 7 can’t involve motion of the CG. However, since the middle
mass, as well as the end masses, is clearing moving in the third vibration mode, the CG is
not at a physical point. Clearly, one could not attach an accelerometer at the CG position.

The difficulty of measuring the CG acceleration with an accelerometer is further illustrated
with the data in Figs. 8 and 9 obtained on the RPWS instrument in the Cassini  spacecraft
DTM acoustic test . In addition to the accelerometers and force transducers at the instrument
and spacecraft interface (see the data in Figs. 3 and 4), there was also a tri-axial
accelerometer located approximately at the static CG of the RPWS instrument. Fig. 8
shows the ratio of the total external radial force to the static CG radial acceleration for the
RPWS in the DTM spacecraft acoustic test. If the accelerometer at the approximate static
CG location actually measured the CG acceleration in the vibration test, the curve in Figs. 8
would be a horizontal line equal to the total weight of the RPWS, approximately 65 lb.
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FIGURE 8. Ratio of Radial External Force To Radial Acceleration at Static CG for RPWS
Instrument in Cassini  DTM Spacecraft Acoustic Test

It is interesting to compare Fig. 8 with Fig. 5, after multiplying the ordinate in Fig. 5 by a
factor of four to compensate for the one-quarter G input. Figure 8 shows that the measured
ratio of external force to static CG acceleration falls off above 160 Hz. Figure 5 shows that
there is an RPWS fixed-base resonance at approximately 160 Hz in the RPWS vertical test,
which corresponds to the spacecraft radial direction. Figure 9 shows that in the RPWS
lateral test, the corresponding ratios of external force to static CG acceleration measured in
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the spacecraft DTM acoustic test roll off at even lower frequencies. That the measured
ratios of external force to static CC acceleration are less than the total weight, indicates that
the measured static CG accelerations are greater than the true CG acceleration at the higher
frequencies. Therefore response limiting basecl on acceleration measurements at the static
CG position will generally result in undeflesting  at frequencies above the fixed-base
reso~ances  of the teit item. The true center-of-grav;ty  tends (o remain at rest.

t

I I I I Illi

I

I I- - - - -  - - - - -  - -
I I  n--l-v-r~~  ‘ ----- ~---r
I I I I 1111

A

--~--~-’r~-}-}

I I I I 1111
I I l l 1111 I I II 1111

L o g
M a g

3.0

Fxd XY

::; E: ZE::E:EEHEE
----- ----- ------- ----- ------

r - - - - -  - - - - -  - -I I

1- i- - - - -  - - -
I --:--+ --I*-I-II

klllllll

-t--t +-l-

1 I I
I I

;----------l--  y=a=- - - - - -  - - - - - -
-------L---l--i--t-- - - - -  - - - - -  - -

I 3- - - - - -  - - - - - -  - - -
1- - - - -  - - - - ;J- - -
I 1- - - - -  - - - - -  - -
I I +
I 1- - - - -  - - - - -  - - J-d_J-t-lJ-
1 I I I 1111 I
1 I I I 1111 1
I I 1

10 L o g  H z APP-”WT,  RPWS. . . . . . -3. X .  C G .  D T M lk

FIGURE 9. Ratio of Lateral External Force To Lateral Acceleration at Static CG for RPWS
Instrument in Cassini DTM Spacecraft Acoustic Test

6. CASSJNI SPACECRA~ SYSTEM RANDOM VIBRATION TEST

Figure 10 is a photograph of the Cassini  flight spacecraft mounted on the shaker for the
vertical random vibration test which was conducted at JPL in November of 1996 [7, 10].
The weight of the Cassini  spacecraft for the vibration test was 3809 kg (8380 lb.), which is
less than the weight at launch because for the test the tanks were loaded to only 60% of
their capacity with referee fluids. The schematic in Fig. 1 indicates the location of major
equipment on the Cassini  spacecraft, Most of the orbiter twelve instruments are mounted on
the Remote Sensing Platform shown at the upper left and on the Fields and Particles
Platform shown at the upper right in Fig. 10, and seven other instruments are located in the
Huygens probe at the right in Fig. 10.

Figure 11 shows the plan view of the spacecraft mounting ring before the spacecraft is
attached. The black offset weight positioned in the upper right quadrant of the ring is for
the purpose of proof testing the shaker and mounting configuration. The spacecraft bolts to
the ring at eight positions corresponding to the mounting feet locations on the
spacecraft/launch-vehicle adapter. A large tri-axial force transducer is located under the
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FIGURE 11. Plan View of Spacecraft Mounting Ring for Cassini  Spacecraft Vibration Test

Figure 12 compares the Cassini  spacecraft vibration test specification of input acceleration
with launch vehicle specifications and with acceleration data from a previous Titan launch
vehicle flight. The acceleration specification was originally somewhat higher (0.04 G2fHz
compared to 0.01 G2/Hz).  The specification was lowered in the 10 to 100 Hz frequency
regime after reviewing the results of an extensive finite element model  (FEM) prc-test
analysis, which indicated that excessive notching would be required with the higher-level
input. The specification was subsequently lowered in the 100 to 200 Hz regime as well, in
order to accommodate the force capability of the shaker power amplifier, which was over
ten years old and exhibited severe instability problems during the, two month period
preceding the Cassini  spacecraft vibration test. “1’hc  resulting ().01 G-/Hz specification is
less than the Booster Powered Phase specification at frequencies greater than approximately
80 Hz, but exceeds  the Maximum IMvelopc  of the TIV-07 I;light  I)ata shown in Fig. 12.

Figure 13 shows the force specification ft)i- ttw Cassi ni flight spacccl-aft  random vibr:ition
test. The force specification was CIcl-ivt’d by nwlliplyil]g  the acceleration specification in
Fig. 12 by [hc squared weigh! of [I)c Spiiuc’cl”al(  and by a facttlr of one-half. ‘1’his
corresponds to the scnli-cmpir-ica] Inrlh(d  in I.q. 4 wi(t) C’Z = [me-half and n = 0.
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The choice of C2 equal to onc-hatf was  sclcctcd on the basis of the prc-test analysis and in
order to keep the proof test, which had a margin of 1.25 over the test limit loads, within the
shaker force capability. The force spccificat ion was not rolled off at the spacecraft
fundamental resonance, because neither the FEM pre-test analysis nor the actual vibration
test data showed a distinctive, fundamental resonance of the spacecraft in the vertical axis.
During the test, it was not necessary to modify or update the force limit specified in the test
procedure, which is quite remarkable considering the complexity of this test .

Figures 14 and 15 respectively, show the input acceleration and force spectra measured in
the actual full-level random vibration test of the spacecraft. Comparison of the measured
acceleration input with the specification of Fig. 12 shows notching of -8 dB at the
Huygens probe resonance of approximately 17 Hz, and of -14 dB at the tank resonance of
approximately 38 Hz.
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FIGURE. 14 Cassini  Flight Spacecraft Random Vibration Test Full-Level Input
Acceleration Spectral Density (Notches from Specification Due to Force Limiting)
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FIGURE 15. Total Vetiicai  Force Measured in Cassini  Flight Spacecraft Full-Level
Random Vibration Test (Comparison with Vertical Force Limit Specification)
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The other five components of the total input force vector, as well as the responses at over a
hundred critical positions on the spacecraft, were monitored during the test, but only the
total vertical force signal was used in the controller feedback to notch the acceleration input.
Comparison of the measured force with the specified force in Fig. 15 verifies that the force
was at it’s limit over the entire frequency range where notching occurred in the input
acceleration. The choice of C* of one-half resulted in the input acceleration being 3 dB less
than the acceleration specification at frequencies below the first spacecraft resonance, e.g.
at 10 Hz. This situation is generally to be avoided.

Figures 16 and 17 show the acceleration inputs measured near the feet of a number of
instruments mounted on the Fields and Particles and on the Remote Sensing Pallets,
respectively. Comparison of these measured data with the random vibration test
specifications for the instruments, which are also indicated in Figs. 16 and 17, verifies that
many of the instruments in the spacecraft vibration test, reached their component random
vibration test specifications. In addition, several major components of the spacecraft
including the Hu ygens probe upper strut, the three RTG’s, the magnetic canister struts, and
the Fields and Particles Pallet struts reached their flight limit loads during the spacecraft
vibration test. The only anomaly after the test, other than possibly those associated with
spacecraft functional tests for which data are not available, was that the electrical resistance
between the engineering model RTG and the spacecraft structure was measured after the
test and found to be less than specified. The insulation between the RTG adapter bracket
and the spacecraft was redesigned to correct this problem.
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FIGURE 16. Acceleration Inputs to Fields and Particles Pallet Instruments in Cassini
Full-Level Random Vibration Test (Comparison with Instrument Random Vibration Test
Specification)

14



1 E+o

lE-1

1 E-3

%’d‘-i _‘: ‘ - – - - 2 4 X ,  1.4grrn#
-.——

‘ - - –  -2 4  Y,0.2UITIW

----25 X,l.2gfrnn

‘------25Y,  0.5  gmw

—  2 5 2 ,  1 2  gmw

26X, 1 gl-m

J + 27x, 1.2 grins
+ ■ m, 0.7 grins

1A A 272, 1.1 gmw

x 23X, 0.9 gnm

‘ihwl  PF~

I I [ [ I I I

-

I [ I I I 1 1

1 E-4

1 1 1

,
1 , 1 r [

} 1 1 I

I I I I w
1 E-6 TIIDIl

1 0 100 Fmquoncy  (Hz) 1000
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Full-Level Random Vibration Test (Comparison with Instrument Random Vibration Test
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7. CONCLUSIONS

1. Force limiting has been used extensively in the vibration tests of many of the instruments
and sub-assemblies on the Cassini spacecraft, as well as in the vertical-axis random
vibration test of the complete spacecraft. In all cases, the use of force limiting reduced the
degree of overtesting, without compromising the test objectives. In many cases, and
particularly in the case of the spacecraft system test, the use of force limiting greatly
simplified and expedited the conduct of the test.

2. Semi-empirical force limits were used in a number of the Cassini vibration tests. Setni-
empirical force limits require only the acceleration specification and data from a low-level
vibration pre-test and are therefore much simpler to develop than previously described force
limits based on analytical models and measurements of the mounting structure mechanical
impedance. However, some caution and reference to validation data for similar
configurations are essential in order to properly employ semi-empirical force limits.

3. With piezo-electric,  tri-axial force transducers the acceleration of the center-of-gravity
(CG) maybe accurately measured in vibration tests, via Newton’s second law. By
contrmt, it is very difficult to measure the true CG acceleration of a deformable body with
accelerometers. This capability to measure the true CG acceleration with force transducers
provides a convenient means of limiting the quasi-static acceleration, commonly used for
design purposes, to some fraction of the design limit in a vibration test.
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4. The vertical-axis, random vibration test of the Cassini spacecraft was conducted using
only the total vertical force for notching. The force limits were derived using the semi-
empirical method together with an extensive pre-test analysis and consideration of the
shaker and amplifier capabilities. The force specification in the test procedure was used
without any modifications during the test. The flight limit loads were achieved at a number
of critical locations on the spacecraft, and the instrument responses were similar to those in
the component random vibration tests.
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